The regular surface protein structure (S-layer) of Caulobacter crescentus was analyzed by electron microscopy and three-dimensional image reconstruction to a resolution of 2 nm. Projections showed that the S-layer is an array of ring structures, each composed of six subunits that are arranged on a lattice with p6 symmetry. Three-dimensional reconstructions showed that the ring subunits were approximately rod-shaped structures and were perpendicular to the plane of the array, with a linker arm emanating from approximately the middle of the rod, accounting for the connections between the rings. The calculated subunit mass was ca. 100 kDa, very close to the size of RsaA (the protein known to be at least the predominant species in the S-layer) predicted from the DNA sequence of the rsaA4 gene. The core region of the rings creates an open pore 2.5 to 3.5 nm in diameter. The size of the gaps between the neighboring unit cells is in the same range, suggesting a uniform porosity predicted to exclude molecules larger than ca. 17 kDa. Attempts to remove membrane material from S-layer preparations with detergents revealed that the structure spontaneously rearranged into a mirror-image double layer. Negative-stain and thin-section electron microscopy examination of colonies of C. crescentus strains with a mutation in a surface molecule involved in the attachment of the S-layer showed that shed RsaA protein organized into large sheets. The sheets in turn organized into stacks that tended to accumulate near the upper surface of the colony. Image reconstruction indicated that these sheets were also precise mirror-image double layers, and thickness measurements obtained from thin sections were consistent with this finding. The sheets were absent when these mutant strains were grown without calcium, supporting other data that calcium is involved in attachment of the S-layer to a surface molecule and perhaps in subunit-subunit interactions. We propose that when the membrane is removed from S-layer fragments by detergents or the attachment-related surface molecule is absent, the attachment sites of the S-layer align precisely to form a double layer via a calcium interaction.
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Regularly arrayed surface layers composed of a single protein species (S-layers) are a feature found in many bacteria and form geometrically arranged two-dimensional structures on the outermost bacterial surface (4, 14, 25, 26) . There is evidence that S-layers provide a protective barrier for cells that enables them to resist attack by lytic enzymes or by bdellovibrios (16) or possess key surface features that enable them to interact with host organisms to effect pathogenesis (3, 14, 15, 26) . It seems reasonable that to be a protective barrier, an S-layer must completely cover a cell. This seems to be the case in Caulobacter crescentus; although significant morphogenesis occurs, the entire bacterium, including the stalk, is covered at all times (27, 29) .
Three-dimensional (3D) reconstructions provide insight into the spatial organization of the S-layer proteins. When the domain structure can be correlated with the primary structure of the protein, it will be possible to describe the properties of the S-layer surface in more detail. This particularly applies to subunit-subunit interactions, to regions exposed to the environment, and to regions interacting with the underlying cell envelope components. Such a description is becoming possible for several species whose S-layer genes have been cloned and sequenced and for which the possibil-ity for high-resolution image analysis exists (6, 7, 17, 18, 30, 31) . C. crescentus is such a species. The protein of the S-layer has been isolated and characterized in several ways, and a two-dimensional image analysis of the paracrystalline structure has been done (29) . A single-copy gene has been cloned for the protein and sequenced (12, 13, 28) . Mutants that are capable of producing an S-layer structure but fail to attach the protein to the surface have been isolated, and a surface molecule that appears responsible for this interaction has been identified (9, 32) . Finally, we have demonstrated that a C. crescentus bacteriophage uses the S-layer protein as a receptor for infection (9) .
We now present a 3D reconstruction of the C. crescentus S-layer obtained from natural crystal patches. These patches still contained material originating from the outer membrane when prepared by methods described by Smit et al. (29) and were expected to have an impact on the resolving capability of image-averaging techniques. The S-layer-shedding mutants, on the other hand, produced large arrays of an assembled structure adjacent to cells when colonies of cells were gently suspended in preparation for electron microscopy analysis. These patches were well ordered and were frequently larger than the surface area of a single cell; on that basis, we presumed them to be in vitro assembly products of the S-layer protein. (ATCC 19089) ; the former was used for the isolation of S-layer fragments (29) , while the latter was a derivative from which synchronously growing cells were readily prepared. NA1000 was formerly referred to as CB15A and is probably the same as strains CB15N and CB15F described by other authors. CB15Ca5 and CB15Ca1O were spontaneous mutants of NA1000, selected for the ability to grow in the absence of calcium (9, 32) . A coincident phenotype is that they are able to assemble RsaA, the protein that constitutes the C. crescentus S-layer, into a crystalline structure when grown in a calcium-containing medium but fail to attach the protein to the cell surface.
For most experiments, cells were grown in a peptoneyeast extract medium that was supplemented with 20 mM MgCl2 and 10 mM CaCl2 (PYE) (19) and that was solidified when appropriate with agar at 15 g/liter. M3HiGG mineral salts medium (29) is a variation of the HiGG medium described by Poindexter (20) and was used for the production of S-layer fragments from CB15NY106. MjOHiGG is a calcium-free mineral salts medium (9) that was solidified with the addition of nucleic acid electrophoresis-grade agarose at 8 g/liter.
S-layer preparations. Fragments of a crystallized S-layer (with associated membrane material) were prepared by differential centrifugation of high-density cultures of CB15NY106 grown in M3HiGG medium as previously described (29) . To examine S-layer patches in experiments with S-layer-shedding mutants, we suspended colonies growing on PYE medium in 10 ,ul of water in preparation for negative staining.
Negative-stain electron microscopy and image reconstmction. The S-layer preparations or cell suspensions were adsorbed onto carbon-coated copper grids made hydrophilic by glow discharge. After the removal of excess material by wicking to filter paper, the specimens were negatively stained with 2% ammonium molybdate (pH 7.5). In some experiments, S-layer preparations were mixed with equal quantities of detergent solutions for several minutes before the negative-stain step. The detergent solutions included 0.2% deoxycholate (pH 9.3), 2% octyl-polyoxyethylene, 0.1% sodium dodecyl sulfate, and 0.1% lithium dodecyl sulfate.
The preparations were inspected in a Philips EM420 or CM12 electron microscope, and micrographs were taken, usually under low-dose conditions. To reduce irradiation, we performed focusing and correction for astigmatism on areas close to the S-layer sheets to be recorded. The primary magnification was x36,000 or x39,000, respectively. Short tilt series consisting of three to five micrographs were taken in addition to complete series consisting of 15 projections recorded at tilt angles ranging from 00 to 750 to 80°, in accordance with the tilting scheme of Saxton et al. (24) . Micrographs showing well-ordered crystals and optimum focus conditions in the light optical diffractometer were selected for densitometry and image-processing purposes. Areas of 1,024 by 1,024 pixels were digitized with an Eikonix 1412 camera system by applying a pixel size of 0.43 nm at the specimen level.
The images were averaged by applying correlation averaging as described by Saxton and Baumeister (22) , and the averages were subjected to 3D reconstruction by the hybrid real space-Fourier space approach (24) . Several reconstructions were performed with continuous tilt series as well as discontinuous tilt series consisting of individual projections from short tilt series. Resolutions were assessed on the basis of the radial correlation function criterion (22) . For imageprocessing and reconstruction purposes, the SEMPER 6.2 system was used throughout (24a).
S-layer preparations from mutant strain C. crescentus CB15Ca5 were also embedded in aurothioglucose (ATG) by mixing equal amounts of cell suspensions and 4% ATG and applying the mixtures to grids. These were imaged under low-dose conditions in the CM12 electron microscope with an on-line image-processing system as described previously (21) .
Thin-section electron microscopy of undisturbed colonies. Bacterial strains were grown at 30°C to a colony diameter of 1 to 1.5 mm on PYE or M1OHiGG (calcium-deficient) medium. Colonies were overlaid with homologous agar medium kept at a temperature just above the solidification point (ca. 50°C). The "sandwiched" colonies were excised, and the blocks obtained were immersed in fixative (5% acrolein-0.25% glutaraldehyde in 50 mM sodium cacodylate buffer [pH 7.3]) overnight at 4°C. The blocks were rinsed in buffer and placed in 0.8% tannic acid in buffer for 45 min at room temperature. The blocks were rinsed again in buffer and postfixed with freshly prepared 1% osmium tetroxide-0.1% ruthenium red in buffer for 1 h at 4°C. After a distilled water rinse, the blocks were treated with saturated uranyl acetate for 1 h, dehydrated with a graded series of ethanol, and embedded in Spurr's resin. Thin sections were prepared and stained with uranyl acetate and Reynolds' lead citrate. Specimens were viewed in a Siemens 101A electron microscope operated at 80 kV.
RESULTS AND DISCUSSION
Negative-stain electron microscopy of the S-layer. The typical preparation of the S-layer isolated from C. crescentus CB15NY106 yields S-layer arrays still contaminated with what is likely to be fragments of the outer membrane (29) . Figure 1A illustrates the typical appearance of an S-layer fragment, with the triangular membrane vesicles attached to the layer such that it is centered on a threefold symmetry axis. Three linker domains (arms), connecting three hexagons, as well as two core domains of each of the three neighboring hexagons are covered by the membrane material. Appropriate correlation averages illustrate the distribution of the lipid over the unit cell (data not shown). The triangular membrane vesicles are apparently irregularly distributed with respect to the lateral, as well as the angular, orientation. Correlation averages of the unit cells appeared not to be influenced by the attached lipid. This result was expected; the membrane material contributes to the mean value only and thus should remain invisible in the averaged images (Fig. 1A) .
Some effort was made to remove the attached lipid. Octyl-polyoxyethylene treatment resulted in residual crystallized detergent that prevented proper negative staining of the S-layer. Sodium dodecyl sulfate and lithium dodecyl sulfate treatments tended to result in "rolled-up" S-layer patches, leading to multiple layers of the crystalline structure that were useless for image analysis. Treatment with deoxycholate for 1 to 2 min apparently freed the S-layer from the membrane vesicles but allowed the layer to remain intact and well ordered (Fig. 1B) . Image analysis, however, revealed that a rearrangement had occurred; all the deoxycholate-treated sheets were double layers in all micrographs inspected. The two layers were nearly perfectly in register, such that moir6 patterns could be detected only rarely (Fig.   1B) . The averaged unit cells, however, consistently were less regular with respect to rotational symmetry than those obtained from the untreated S-layer preparations. It is quite possible that the double layers were not stained completely or that there was some lateral displacement of the second layer, due either to distortion during drying or to surface effects of the carbon support film. The latter would yield undisturbed reflections in the power spectra but clearly disturbed symmetry properties of the unit cell. The decline in regularity could also have been due to residual lipid still situated on the core and presumably in the pore, which appeared closed in the averaged image.
Since the resolutions were the same with both preparations, close to 2.1 nm each (Fig. 1) , we chose the original preparations for reconstruction purposes.
Assessment of the 3D reconstruction data. Two strategies were applied to collect data for 3D reconstructions. We took several complete, continuous tilt series and a number of short tilt series consisting of three to five projections only. From the latter, appropriate averages were merged to form a complete 3D data set. The reconstructions comprised 14 projections each, and the tilt range was consistently 00 to 780.
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The distribution of the components in the Fourier space was homogeneous to a resolution of about 2 to 2.2 nm for both reconstructions. Only the lattice line 1,0 was significantly affected by the limited tilt range (Fig. 2) . The two reconstructions were of comparable quality and yielded almost identical structures of the S-layer in the xy plane as well as in the z direction. Since the lattice lines of the continuous tilt series proved to be slightly more significant, mainly this reconstruction is documented here. The average of the 00 tilt projection and the appropriate projection through the complete 3D reconstruction illustrate the reliability of the reconstructed data (Fig. 3) .
Description of the S-layer structure. The 0°tilt projection shows a clear handedness of the hexagonal core and the arms linking neighboring unit cells (Fig. 3) . According to the classification scheme of Saxton and Baumeister (23) , the layer is of type M6C3. This classification is also confirmed with the horizontal sections (Fig. 4) , in which connectivity is seen to occur exclusively around the threefold symmetry axis. The putative monomer of the S-layer is an elongated and twisted molecule. The arms are connected close to one surface of the layer, but they proceed approximately to the center of the core with respect to the z direction, where they change over into the core region, forming the pore. The arms are therefore somewhat inclined, a feature uncommon to S-layers reconstructed so far. The vertical sections shown in Fig. 5 illustrate this fact more clearly.
The center-to-center distance between the core regions was calculated to be 22 nm, a refinement of the earlier estimate of 23.5 nm (29) . The core region creates an open pore (Fig. 4 and 5 ) with a diameter of approximately 2.5 to 3.5 nm. The size of the gaps between the neighboring unit cells is in the same range. Thus, the S-layer may prevent the penetration of globular molecules larger than ca. 17 kDa.
The 3D models (Fig. 6 ) of both surfaces of the S-layer show quite similar surface views. This impression is mainly due to the fact that the arms are inserted near the center of the core.
The solid model represents a mass, calculated by a previously described method (10), of about 100 kDa for the monomer, a mass close to that of the mature protein, predicted from the translated sequence of the C. crescentus S-layer protein gene, rsaA, to be 98,001 kDa (13) . This finding, along with the ability to recrystallize the S-layer from purified RsaA (33), unambiguously indicates that RsaA alone can account for all the visible elements of the C. crescentus S-layer.
The two 3D reconstructions performed, that is, the reconstructions of the continuous tilt series and of the merged projections, were essentially indistinguishable. They revealed the same architecture of the S-layer, with almost no differences in structural details. Minor deviations of structural features are insignificant with regard to the resolution of the reconstructions. The thicknesses of the two reconstructions are identical and are close to 7 nm. The similarity in thickness corroborates our experience with reconstructions of other S-layers. That is, the use of continuous tilt series of negatively stained preparations recorded under low-dose conditions (as is usually done) does not drastically reduce the thickness of the specimen by reason of prolonged electron irradiation. Clear examples are the reconstructions of the structurally very similar S-layers of Azotobacter vinelandii (5) andAeromonas hydrophila (1), which differ by only 0.5 nm, i.e., 10%, in thickness. This difference may indeed be due to the effects of specimen tilting limitations (producing the "missing cone"; see references 2 and 10 for a discussion). The S-layer of Deinococcus radiodurans (the HPI layer) has a thickness of 6 nm in the 3D reconstruction of negatively stained preparations obtained from a continuous tilt series (3) not yield values that lead to the assumption that the HPI layer is thicker (5.1 + 0.5 nm [34] ). If S-layers appear thinner in 3D reconstructions than expected from other investigations, flattening effects from adsorption or even conformational changes may be responsible. The latter was demonstrated for the S-layers of Sporosarcina ureae (11) and A. vinelandii (5). Thin-section electron microscopy analysis of embedded colonies. Examination of embedded and thin-sectioned colonies of NA1000 (wild type with respect to the S-layer) yielded the expected results; the cells had a uniform S-layer attached to the surface of the outer membrane (Fig. 7) , which is readily visible when fixation methods that incorporate tannic acid and ruthenium red are used (29) . In contrast, S-layershedding mutant CB15Ca1O showed no indication of an S-layer on the cell surface (Fig. 8) . Instead, extensive stacks of layered material were present in the colony, usually, although not always, near the upper surface of the colony; these showed center-to-center spacing of electron-dense regions that was comparable to the center-to-center spacing of the S-layer ring structures. It appeared as though the shed S-layer protein tended to migrate to the colony periphery and become incorporated into ever larger two-dimensional arrays. Presumably these large stacks break into smaller segments and intermix with cells during preparation for negative-stain electron microscopy. Interestingly, the stacks were composed of layers with a minimum thickness of approximately 20 nm, more than twice the thickness determined from the 3D reconstructions. Because of the flattening effects that occur in negative staining (as outlined above) and the dimensional changes that occur as a consequence of the thin-sectioning preparation process, including the use of tannic acid (29) during fixation and the plastic embedding process itself, it is difficult to make precise dimension comparisons between the two techniques. Even so, the thickness of the S-layer sheets noted in thin sections is best explained by the conclusion from image reconstructions that the S-layer fragments are mirror-image double layers.
When CB15Ca1O was grown on calcium-free medium, no S-layer was detected. Instead, a large amount of amorphous stained material was detected between cells, and the surface of most cells had an irregular amount of stainable material associated with the outer membrane, characteristics decidedly different from those of cells grown with calcium (Fig. 9) . We hypothesize that without the ability to accumulate into S-layer structures, the exported RsaA protein still interacts weakly with the cell surface, leading to a loosely associated, unstructured protein layer. Taken together, the observations from both image analysis and thin-section microscopy reinforce other data (9, 32, 33) suggesting that the RsaA protein attaches to the cell via calcium-mediated interactions with the outer membrane surface. In the absence of C. crescentus outer membrane material (or suitable sites in the membrane, in the case of the S-layer-shedding mutants), the development of an S-layer from RsaA still proceeds: the divalent character of calcium ions is used to bridge calcium interaction regions of the S-layer, forming a nearly perfect mirror image. This development apparently also occurs spontaneously when mem- ated attachment to the outer membrane or another S-layer array) is essential for the efficient interaction of S-layer subunits. Assessing the specific role of regions of the gene hypothesized to be involved with calcium binding (13) should help resolve this issue.
The problems that occurred with the 3D reconstructions of the C. crescentus S-layer associated with attached lipid vesicles were not overcome with detergent-treated preparations. The incomplete staining of the relatively thick double layers and/or the dislocation from perfect alignment of the attached sheets, as well as possibly remaining lipid, are effects that are not desirable for reconstruction purposes.
There was, however, another approach promising better preparations and reconstructions of the S-layer. As described earlier, strains CB15Ca5 and CB15Ca1O produce large and apparently lipid-free S-layer sheets that can be obtained with virtually no purification steps from colonies of cells grown on agar plates, similar to the procedure described for an Aeromonas salmonicida S-layer preparation (8) . Two-dimensional reconstructions of the 00 tilt projection of these sheets showed that they were also double layered and, upon conventional negative staining, suffered from the same shortcomings for image reconstructions as detergenttreated preparations. However, initial experiments with ATG embedding yielded well-preserved, large, and uniformly stained S-layer sheets. The averages provided a significantly improved resolution of about 1.3 nm and a nearly perfect mirror-image symmetrical appearance of the projected structure (Fig. 10) . These results were probably due to the complete embedding of the double layer in ATG, limiting or eliminating distortions that occur during specimen drying on the grid surface. The disadvantage of ATG as an embedding agent for electron microscopy is its sensitivity to decomposition in the electron beam, limiting the number of micrographs that can be recorded in a tilt series. We are currently collecting data for a 3D reconstruction, merging the data from small tilt sets and estimating that we will achieve a resolution of about 1 nm, that should show further details of the structure of the C. crescentus S-layer.
